Abstract. Nafion-clay nanocomposite membrane has been prepared by dispersing unmodified and acid activated Laponite XLS in Nafion 20% dispersion. The resulting membranes possess better proton conductivity and mechanical strength as compared to the virgin membrane. Acid activation of the nanoclay leads to the in-situ generation of H 3 PO 4 by the hydrolysis of the peptizer present on the surface of the nanoclay. The in-situ generated H 3 PO 4 helps in improving all the technical properties of the nanocomposite including the water uptake and proton conductivity of the nanocomposite, containing acid activated clay compared to the nanocomposite, containing unmodified clay. The maximum proton conductivity of 270.2 mS/cm is achieved at 110 o C for the nanocomposite membrane containing 3% acid-activated Laponite compared to 136.2 mS/cm for the virgin Nafion.
Introduction
Fuel cell technology has gained increasing interest in the current scenario due to their promising clean and environment friendly renewable energy sources. Polymer electrolyte membrane fuel cell (PEMFC) is most widely studied among other varieties of fuel cells. This is due to their wider range of electricity generation capability. The membranes used in PEMFC play a vital role in conducting the proton from anode to the cathode which is responsible for the power generation [1] . The membranes used in PEMFC should possess high mechanical strength, proton conductivity, acid and hydrolytic stability and high thermal stability. Nafion is the most widely accepted and commercialized membrane for PEMFC application. Nafion possesses high proton conductivity at low temperature under highly humidified conditions due to the formation of proton conducting ion channel. However, the ion conducting channel gets disrupted at high temperature and under lower humidity conditions, which in-turn lowers the proton conductivity [2] . Hence, several methods have been devised in order to ensure the Nafion membrane to function under low humidity and high temperature. Several researchers have used hydrophilic nanofillers such as clay, silica, TiO 2 and heteropolyacids [3] [4] [5] . The hydrophilicity of the nanofillers has been observed to improve the operating temperature of Nafion to certain extent. However, in many cases lowering in the proton conductivity has been noted due to the blockage in the proton conduction channel [6] [7] [8] .
This work is focused on the preparation of Nafion-clay nanocomposite with improved mechanical properties without sacrificing the proton conductivity. In this work, highly hydrophilic clay Laponite XLS has been used. The presence of peptizer Na 4 P 2 O 7 on the surface of Laponite is expected to play a role in improving the proton conductivity. Acid activation of this clay has been expected to further improve the proton conductivity.
Experimental
Materials. Nafion (20% dispersion) was purchased from E.I. DuPont de Nemours Company, USA. Laponite XLS was obtained from Rockwood Additives Ltd., UK. Hydrochloric acid (HCl) was obtained from Tokyo Chemical Industry co Ltd., Japan.
Acid Activation of clay. Laponite clay powder (L) was dispersed in deionized (DI) water and stirred at 60 o C for half an hour. 1 wt% HCl solution was added slowly to the above colloidal solution and the mixture was stirred for another 12 hrs. The acid-activated Laponite was washed several times with DI water till complete removal of the in-situ generated NaCl. It was then dried and ground into powder to prepare 'AL'.
Membrane Fabrication. Calculated amount of nanoclay ('L' or 'AL') was added to a mixture of DI water and ethanol and stirred followed by sonication for half an hour. Nafion dispersion (20%) was added to the nanoclay dispersion and stirred for 7 hours to achieve a homogenous mixture. The mixture was then sonicated for half an hour and cast on a Teflon mold. The solvent was evaporated in a vacuum oven to prepare the nanocomposite membrane. Similar procedure was followed for the preparation of virgin Nafion membrane (N0) without the addition of nanoclay. The nanocomposites membranes are designated as Nxy, where x = wt% of clay and y = types of clay ('L' or 'AL').
Characterization
Wide angle X-ray diffraction (WXRD) studies of 'L' and 'AL' were carried out on a D/Max 2500V/PC (Rigaku Corporation, Japan). The chemical composition of the nanoclay samples were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS-NOVA, Kratos Analytical Ltd., UK). Atomic force microscopy (AFM) was performed in non-contact mode using V-shaped 'ultralever' probe B (XE-100, PARK System, South Korea). Dynamic mechanical analysis (DMA) of the membranes was carried out with a Q800 DMA (TA Instruments, USA). Thermogravimetric analysis of the membranes was carried out with a Q50 TGA (TA Instruments, USA) under nitrogen atmosphere. The proton conductivities of the membranes were measured by the four-probe method using a BekkTech conductivity test cell in conjunction with a PGZ 301 Dynamic EIS Voltammeter (Bekktech, USA). Temperature and humidification were controlled using a Globe Tech Computer Cell GT fuel cell test station. The humidity within the testing chamber was controlled by means of a dew point system that consisted of a temperature regulator and a DI water inlet.
Results and Discussion
XPS analysis suggests (figure not shown) the absence of Na + ion peak in the acid activated clay. This indicates the replacement of Na + ions with H + ion from the gallery gap along with the hydrolysis of Na 4 P 2 O 7 to form H 3 PO 4 [9] . WXRD analysis at lower anf higher angular ranges also reveals (figure not shown) the retaintion of the layered structure in the clay after acid activation. Table 1 summarizes the storage modulus data of the membranes at different temperatures. The storage modulus is observed to decrease with the increase in unmodified clay content. However, a reverse trend is noted with the nanocomposite containing 'AL'. The increased incompatibility between Nafion and 'L' with the increase in 'L' content leads towards lowering in the modulus value. However, presence of the in-situ generated H 3 PO 4 may be the underlying cause behind the improvement in storage modulus of the nanocomposite based on 'AL'. The highest increase in storage moduli is observed to be 94 and 268 % for 'N3AL' compared to the virgin Nafion at -30 and 100 o C, respectively.
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The water uptake of the membranes was calculated based on the literature report [10] and the values are shown in Fig. 1 . Increase in temperature is observed to increase the water uptake of the membranes. Addition of hydrophilic nanoclays to Nafion further increases the water uptake of the nanocomposite membrane. Increase in clay content has a positive influence on the water uptake of the nanocomposite membrane with the highest values observed with nanocomposite containing 3 wt% 'AL'
The proton conductivities of the nanocomposites membranes measured at 100% relative humidity and different temperatures are summarized in Table 2 . It is observed that the conductivity increases with the increase in temperature irrespective of the clay content. The conductivities of the nanocomposite membranes containing 'L' remain almost similar to that of virgin Nafion at lower temperature with a significant improvement at higher temperature. This can be ascribed to the hydrophilic nature of the clay along with the presence of the Na 4 P 2 O 7 present on the surface of the clay. However, nanocomposites containing 'AL' possess higher conductivities irrespective of the temperatures studied. The highest proton conductivity is observed to be 270.2 mS/cm compared to 136.2 mS/cm for the virgin Nafion. This is possibly due to the presence of highly conducting in-situ generated H 3 PO 4 on the surface 'AL'. 
Summary
Nafion-clay nanocomposite membranes containing unmodified and acid-activated Laponite XLS (peptized Laponite) has been studied in this work. Presence of the peptizer on the surface of the nanoclay play a significant role in improving the mechanical property, water uptake and the proton conductivity of the nanocomposite membranes compared to the virgin Nafion. Acid activation of the clay leads to the in-situ generation of H 3 PO 4 which further improves the compatibility between the nanoclay and the Nafion along with the improvement in water uptake and the proton conductivity values. The storage modulus of the nanocomposite containing 3 wt% acid-activated clay is observed to be 94 and 268 % higher than the virgin Nafion at -30 and 100 o C, respectively. The proton conductivity of the nanocomposite membrane containing 3 wt% acid-activated clay is observed to be nearly 1.5 times higher than the virgin Nafion at 110 o C.
